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We have explored the merits of a novel delivery strategy for antisense oligomers based on cell penetrating peptides
(CPPs) conjugated to a carrier PNA with sequence complementary to part of the antisense oligomer. The effect of these
carrier CPP-PNAs was evaluated by using antisense PNA targeting splicing correction of the mutated luciferase gene in
the Hela pLuc705 cell line, reporting cellular (nuclear) uptake of the antisense PNA via luciferase activity measurement.
Carrier CPP-PNA constructs were studied in terms of construct modification (with octaarginine and/or decanoic acid)
and carrier PNA length (to adjust binding affinity). In general, the carrier CPP-PNA constructs including the ones with
decanoyl modification provided significant increase of the activity of unmodified antisense PNA as well as of antisense
octaarginine-PNA conjugates. Antisense activity, and by inference cellular delivery, of unmodified antisense PNA was
enhanced at least 20-fold at 6 uM upon the complexation with an equimolar amount of nonamer carrier decanoyl-CPP-
PNA (Deca-cPNA1(9)-(D-Arg),). The antisense activity of a CPP-PNA [(D-Arg),-asPNA at 2 uM] was improved 6-fold and
8-fold by a heptamer carrier CPP-PNA [cPNA1(7)-(D-Arg),] and hexamer carrier decanoyl-CPP-PNA [Deca-cPNA1(6)-(D-
Arg),l, respectively, without showing significant additional cellular toxicity. Most interestingly, the activity reached the
same level obtained by enhancement with endosomolytic chloroquine (CQ) treatment, suggesting that the carrier might
facilitate endosomal escape. Furthermore, 50% downregulation of luciferase expression at 60 nM siRNA was obtained
using this carrier CPP-PNA delivery strategy (with CQ co-treatment) for a single stranded antisense RNA targeting normal
luciferase mRNA. These results indicated that CPP-PNA carriers may be used as effective cellular delivery vectors for

different types of antisense oligomers and also allows use of combinations of (at least two) different CPP ligands.

Introduction

Nucleic acid-based strategies to modulate cellular functions
through e.g., RNA interference downregulation of gene expres-
sion' are successfully used both in research and in drug dis-
covery/development, and exploit a variety oligonucleotides,
including antisense oligomers, small interfering RNAs (siR-
NAs), ribozymes, transcription factor-binding decoys and tri-
plex-forming oligonucleotides, but also miRNAs, aptamers and,
immunostimulatory CpG oligonucleotides. However, insuffi-
cient (cellular) delivery technology has been limiting develop-
ment in particular for in vivo (therapeutic) applications.

Many methods have been described for antisense oligonucle-
otide delivery each having advantages and disadvantages.*? In
general physical methods (such as microinjection, electropora-
tion or particle bombardment) are efficient and highly selective
in terms of cells and tissues but are rather harmful for the target
cells and have limited potential for in vivo applications. Viral
vector systems are very effective in delivering larger nucleic acids
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and substantial efforts have been invested in these for gene ther-
apy,® but they pose challenges in terms of immune responses.
Alternatively, non-viral delivery systems (e.g., transfection
reagents based on cationic lipids or polymers) may offer advan-
tages. Currently, cationic lipids are the most common carriers
for in vitro cellular transfection of nucleic acids (DNA or RNA)
as well as for negatively charged DNA/RNA analog oligomers.
These methods are rather simple to perform in vitro, but are very
difficult to translate to in vivo applications due to substantial in
vivo toxicity, although this approach is still being pursued for in
vivo delivery of siRNAs using cationic polymers such as cationic
lipid,® atelocollagen or PEL.®” A group of cationic peptides, so
called cell penetrating peptides (CPPs), are also widely employed

as vectors for delivery of large cargo molecules into cells®!°
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using
either covalent chemical conjugation' or simple complexation
via electrostatic (or hydrophobic) interactions. Covalent conju-
gation of CPP to cargo molecules may be challenging due to
tedious chemical synthesis, and will also change the proper-

ties of any given cargo molecule by coupling of highly cationic
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Scheme 1. Concept of cell delivery carriers for antisense oligomers based on
delivery ligands such as cell penetrating peptide (CPP) conjugated to peptide
nucleic acids (PNAs). (A) The carrier CPP-PNA is hybridized in an anti-parallel
orientation to (part of) the target (antisense) cargo oligomer. (B) Design of carrier
PNAs with different length (6-9 nucleobases for both cPNA 1 and cPNA 2 and 8
or 10 nucleobases for cPNA3) and different target positions within the antisense
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delivery of antisense oligomers as illustrated in Scheme
1. Employing antisense PNA targeting splicing correc-
tion of the mutated luciferase gene in HelLa pLuc705
cells, we now show that the cellular antisense effect
of both unmodified (naked) PNA as well as antisense
CPP-PNAs (modified with octaarginine or decanoyl-
octaarginine) can be significantly improved by carrier
CPP (octaarginine)-PNAs. In addition, we show that
effective cellular delivery of single stranded (si) RNA is
achieved using a carrier CPP-PNA in combination with
the endosomolytic reagent chloroquine.

Results and Discussion

As an alternative to covalent conjugation or to electro-
static or hydrophobic complexation of CPPs to antisense
oligomers hybridization specific assembly using carrier
PNAs offers greater flexibility. In order to explore in
more detail the possibilities for developing such “car-
rier CPP-PNAs” for cellular delivery of antisense oligo-
mers, we synthesized a series of carrier PNAs modified
with different delivery ligands such as octaarginine and/
or decanoic acid (Table 1), complementary to different

PNA.

positions within-the antisense PNA oligomer (cPNAI,

CPPs. Alternatively, the assembly of CPP and cargo molecule
can be achieved by electrostatic interactions through the posi-
tively charged CPPs and a negatively charged cargo (DNA or
siRNAs),"*'¢ and the assembled complexes are successfully deliv-
ered into the cells'" both in vitro and in vivo. One drawback
of the simple complexation method, is the large excess of CPPs
typically required (ratio of 10:1'®) to obtain an overall positive
charge which is essential for the initial interaction (binding) of
these complexes to negatively charged (heparansulphate) glycans
of the extracellular matrix.?*** Moreover, complexation based on
ionic interaction is not applicable for charge neutral antisense
oligomers such as peptide nucleic acid (PNA) or phosphorodi-
amidate morpholino oligonucleotides (PMO), whereas these
synthetic antisense molecules have shown promising biological
activity upon covalent conjugation to CPPs.!"*2¢

Sequence complementary hybridization is a possible alterna-
tive method for non-covalent coupling of CPPs or other target-
ing ligands (i.e., oligonucleotide aptamer” or TLRY agonist?®)
to antisense oligomers including siRNA. PNA is a promising
candidate for the hybridization domain for such carrier CPP as
it is charge neutral and forms very stable duplexes with DNA or
RNA.? For instance Doyle et al. have (in an “inverse” approach)
shown that preformed PNA/DNA heteroduplexes, are efficiently
transfected into cells via cationic lipids exploiting the negative
charges of the DNA strand for ionic complexation with cationic
lipids.*® In addition, Fischer et al. showed that CPP-PNA conju-
gates can be used as a delivery vector for a NFkB DNA decoy,*!
and Sisido et al. have used PNA conjugates for siRNA delivery.*

Inspired by these findings, we decided to explore in more
detail the principle of using CPP-PNA conjugates for cellular
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cPNA2, and cPNA3) (Scheme 1). The well character-
ized antisense cargo PNA is targeted to an intronic aber-
rant splice site of the luciferase pre-mRNA in HelLa pLuc705
cells and the antisense activity measured as luciferase activation
accomplished as a consequence of splicing correction and inter-
preted as a measure of (productive) cellular (nuclear) uptake
efficiency.®

Four carrier PNAs complementary to the C-terminal 9 nucleo-
bases of the antisense PNA and differently modified Naked-
cPNAI1(9), (D-Arg),-cPNA1(9), (D-Arg),-Deca-cPNAI1(9),
Deca-cPNA1(9) were tested for enhancing the cellular antisense
effect of unmodified PNA (naked asPNA) (Fig. 1A). Naked anti-
sense PNA itself did not show any antisense activity over back-
ground [even at the highest concentration used (6 pM)]. However,
the activity was increased up to 8-fold at 2 pM in combination
with a decanoyl-octaarginine carrier CPP-PNA [(D-Arg),-Deca-
cPNAI1(9)], while the analogous decanoyl carrier PNA [Deca-
cPNAI1(9)] did not show any significant improvement. These
carrier PNAs were also tested in combination with a second
decanoyl carrier PNA [Deca-cPNA2(9)] targeting the other half
(N-terminal 9 nucleobases) of the antisense PNA, inspired by the
previously reported improved cellular uptake by lipidic modifica-
tion of CPP-PNA.* However, the additional carrier decanoyl-
PNA did not improve the effect of the other carrier PNAs. On
the contrary a significant decrease of activity of the active carrier
CPP-PNA [(D-Arg)-Deca-cPNA1(9)] was observed. The reason
for the decreased activity with a combination of two carrier PNAs
is not entirely clear, but it might be due to steric blocking of the
antisense PNA by the bound carrier PNAs or altered uptake
(mechanism). To challenge the first hypothesis, we chose an active
antisense decanoyl-octaarginine-PNA [(D-Arg) -Deca-asPNA]
and transfected this in complex with one or two unmodified
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Figure 1. Carrier PNA effect on different antisense CPP-PNAs. Relative antisense activity in HeLa
pLuc705 cells of antisense PNAs hybridized to a carrier PNAT [Naked-cPNA1(9), (D-Arg),-cPNA1(9),
(D-Arg),-Deca-cPNAI1(9), Deca-cPNA1(9)] and/or a carrier PNA2 [Naked cPNA2(9), Deca-cPNA2(9)].
Antisense PNA was hybridized to a carrier PNA(s) at 1:1 molar ratio and used for transfection at the
indicated concentrations. After 24 h transfection, cells were subjected to the luciferase analysis.
Each data set represents the mean + SD of three independent experiments Antisense PNAs used: (A)
Unmodified PNA (Naked asPNA (PNA2389)) at 2 uM, (B) Decanoyl-octaarginine PNA [(D-Arg),-Deca-
asPNA (PNA2802)] at 2 uM or (C) octaarginine PNA [(D-Arg),-asPNA (PNA2787)].

carrier PNAs [(Naked ¢cPNA1(9)] and [Naked-cPNA2(9)] at
2 pM (Fig. 1B). These two carrier PNAs both dramatically

inhibited the antisense effect about
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80% and in combination
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the antisense activity was reduced to
background level. This clearly suggests
that dissociation of the carrier PNA(s)
from the antisense PNA strand is a
rate limiting step for the antisense
activity. Nonetheless, the results also
indicate that carrier CPP-PNAs may
improve the (spontancous) cellular
uptake of unmodified antisense PNA
without direct chemical conjugation
to the CPP. In order to further explore
the carrier PNA aided transfection
strategy, these carrier PNAs were also
tested for effects on antisense octaargi-
nine CPP-PNA conjugates [(D-Arg) -
asPNA)(Fig. 1C). The antisense
activity of the (D-Arg) -asPNA (at 2
pM) was improved up to 6-fold and
2-fold by (D-Arg),-cPNA1(9) and
(D-Arg)-Deca-cPNAI1(9), respec-
tively, while the decanoic acid carrier
PNA did not show any improvement,
but rather showed inhibitory effects.
Especially, - decanoic--acid PNA2
[Deca-cPNA2(9)] showed the most
significant inhibition among the car-
rier PNAs. These results indicate that
carrier CPP-PNAs can improve the
cellular uptake of antisense CPP-PNA.
Based on these findings, we decided to
optimize the binding strength (affin-
ity) between the antisense PNA and
the carrier CPP-PNA by changing the
length of carrier PNAs.

We synthesized a new series of
carrier CPP-PNAs of different PNA
length (9-6 nucleobases) with octa-
arginine-decanoic  acid  modifica-
tion Deca-cPNA1(9-6)-(D-Arg),
and tested their effect on PNA anti-
sense activity. In combination with
unmodified antisense PNA (Fig. 2A),
the longest carrier CPP-PNA with
nine nucleobases showed the high-
est antisense activity improvement
(at least 20-fold at 6 pM), and the
activity at 2 pM equals the antisense
effect of (D-Arg),-asPNA at 2 pM.
However, this activity improvement
was decreased with shorter carrier
CPP-PNAs. This could suggest that a
certain length of carrier PNA (hence
certain binding strength) is required to

form a sufficiently stable complex during cellular delivery. Then,
we tested the effect of these carrier CPP-PNAs on the antisense
activity of octaarginine (D-Arg) -asPNA (Fig. 2B). In contrast
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Figure 2. Effect of carrier PNA length. Relative antisense activity in HeLa pLuc705 cells of
antisense PNAs hybridized to carrier CPP-PNA of different PNA length (9-6 nucleobases)
modified with decanoyl-octaarginine [Deca-cPNA1-(D-Arg), (PNA2963, 2961, 2959, 2957)]

(A, B) or octaarginine [cPNA1(9-6 nucleobases) —(D—Arg)a (PNA2962, 2960, 2958, 2956)] (C) (see
Scheme 1). Antisense PNA was hybridized to the carrier CPP-PNA at 1:1 molar ratio and used
for transfection at the indicated concentrations. After 24 h transfection, cells were subjected
to the luciferase analysis. Each data set represents the mean * SD of three independent
experiments. Antisense PNAs used: (A) Unmodified PNA [Naked asPNA (PNA2389)] [(D-Arg),-
asPNA (PNA2787) as control] (B) and (C) (D-Arg),-asPNA (PNA2787).

to the results with the unmodified antisense PNA, the antisense  constructs,

cPNAI1(7)-(D-Arg),

of 6 nucleobases [Deca-cPNA1(6)-(D-Arg),]
showed the highest improvement of the activ-
ity yielding almost 10-fold activation at 2 ptM
whereas no activation was seen at 6 ptM. The
reason for the opposite length dependency for
unmodified antisense PNA and CPP-PNA
is not clear at this stage, but most likely it is
reflecting a delicate balance of sufficient sta-
bility of the cPNA-asPNA complexes (which
exhibit thermal stabilities (Tm) ranging from
45-64°C (hexa- to nonamers) for delivery and
adequate lability for dissociation inside the
cell.

In order to explore further the struc-
ture activity relations of CPP carrier PNAs,
we next studied a series of similar cPNAs
modified only with octaarginine. In this
case no clear length dependence was found
and as before activation was seen at 2 pM
(Fig. 2C). Likewise moving the peptide to the
N-terminal instead of the C-terminal of the
PNA did not affect the enhancement activity.

Although the results so far (Figs. 1A,C)
would-indicate negative effects on antisense
activity of a lipophilic carrier PNA, despite
the clear positive effect on antisense activity
upon covalent conjugation to CPPs in the
CatLip approach,®® we decided to more sys-
tematically test-the effect on the antisense
activity of (D-Arg),-asPNA of a series Deca-
cPNA2 (9-6 nucleobases) complementary
to the N-terminus of the antisense PNA.
However, these carrier PNAs all showed
inhibitory effects on the antisense activity
of the (especially at high PNA concentration
(6 pM) (Fig. S1). The longest nonamer car-
rier PNA [Deca-cPNA2(9)] showed the high-
est inhibition, and the inhibition remained
even with the shortest hexamer carrier PNA
[Deca-cPNA2(6)]. The reason for this inhibi-
tory effect when supplied in trans (hybridiza-
tion) rather than in cis (direct conjugation)
is not clear, but because of this (unexpected)
inhibitory effect, these carrier PNAs were not
studied further.

Although CPP conjugation can very sig-
nificantly improve PNA antisense activity,
the efficacy of CPP-PNA conjugates may be
further enhanced (up to 100-fold depending
on CPPs and formulation) by endosomolytic
agents such as chloroquine (CQ).**In order to
study this approach in relation to carrier CPP-
PNAs, two of the mostactive carrier CPP-PNA
and Deca-cPNA1(6)-(D-

CPP-PNA showed higher antisense activity in combination with ~ Arg), were chosen. The results (Figs. 3 and 4) show that the

the shorter carrier CPP-PNAs. The shortest carrier CPP-PNA
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antisense activity of the CPP-asPNAs (D-Arg) ,-asPNA and
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Figure 3. Oligohistidine carriers. Relative antisense activitiy in HeLa pLuc705 cells of antisense CPP-PNAs [(D-Arg) -asPNA (PNA2787) and (D-Arg)-
Deca-as PNA (PNA2802)] hybridized to carrier CPP-PNA. Two carrier PNA constructs with oligohistidine [(His),-cPNA3(8) (PNA3229) and (His),-cPNA3(8)
(PNA3230)] were compared with two octaarginine conjugated carrier CPP-PNA constructs [cPNA1(7)-(D-Arg), (PNA2958) and Deca-cPNA1(6)-(D-Arg),
(PNA2957)]. For the chloroquine (CQ) treatment, 100 uM CQ was added to the medium for PNA transfection. Antisense CPP-PNA was hybridized to the
carrier PNA at 1:1 molar ratio and used for transfection at the indicated concentrations. After 24 h transfection, cells were subjected to the luciferase
analysis. Each data set represents the mean + SD of three independent experiments.

(D-Arg) -Deca-asPNA were improved (up to 15-fold) by CQ
treatment and the activation is significantly more pronounced at
lower PNA concentrations (e.g., 2 pM for (D-Arg) -asPNA and
0.5 pM for (D-Arg),-Deca-asPNA). Interestingly, employment
of carrier CPP-PNAs Deca-cPNA1(6)-(D-Arg), and cPNA1(7)-
(D-Arg), enhanced the antisense activity to virtually the same
level as did CQ treated CPP-PNA at 0.5 pM and 1 pM, respec-
tively. The decrease of activity at higher PNA concentrations [6
pM for (D-Arg),-Deca-asPNA] is ascribed to cellular toxicity
of PNA conjugates®” (Fig. S2). In addition to the two prom-
ising carrier CPP-PNAs, we also tested two carrier PNA con-
structs conjugated to oligo-histidine residues, the tetrahistidine
(His),-cPNA3(8) and hexahistidine (His) -cPNA3(8) carrier
PNAs, which could potentially provide endosomal disruption
by the “proton sponge effect” of histidine residues in the acidic
endosomal compartment as previously reported.”> However,
no improvement was observed (in fact activity decreased) in
contrast to apparent successes reported in the literature.’®%
Finally, we studied the effect of CQ treatment on carrier CPP-
PNA enhanced PNA antisense activity. The results presented in
Figure 4 show that additional CQ treatment does not further
enhance the activity obtained with the antisense PNA alone in
combination with CQ. In fact some inhibition is observed, espe-
cially when using CatLip type PNAs and at least some of this
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effect could be due to cellular toxicity under these conditions
(Fig. $2).

The luciferase data (Fig. 4A) were fully corroborated by
mRNA splice correction analyses using RT-PCR (Fig. 5B), and
again these results demonstrate that the effect of carrier CPP-
PNA delivery is comparable to or even higher than that obtained
using CQ with the antisense PNA alone [compare for instance
no cPNA/+CQ with + cPNAI1(7)-(D-Arg),/no CQ and Deca-
cPNA1(6)-(D-Arg) /no CQ in Fig 4B]. These results suggest
that carrier CPP-PNA-mediated enhancement of antisense CPP-
PNA delivery could be an attractive alternative to auxiliary CQ
treatment since this method gives comparable or even higher
activity than that achieved by CQ treatment, without signifi-
cantly increased cell toxicity (Fig. S2), despite the cellular toxic-
ity of (especially the CatLip) antisense CPP-PNAs observed at
higher PNA concentrations (2—4 pM).

Lipophilic ligands such as cholesterol and cholic acid**® have
been found to increase cellular uptake and bioavailability of oli-
gonuceotides, and especially cholic acid moieties were used to
improve a lipid bilayer penetration of rather large hydrophilic
compounds including a 16 mer oligonucleotide,” presumably
by shielding of the hydrophilic cargo by a cholic acid “molec-
ular umbrella.” Thus we synthesized a 10-mer carrier PNA
containing three cholic acid moieties in the backbone of the
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Figure 4. Effect of chloroquine. Relative antisense activity in HeLa pLuc705 cells of two antisense CPP-PNAs [(D-Arg),-asPNA (PNA2787) and (D-Arg) -
Deca-asPNA (PNA2802)] hybridized to a carrier CPP-PNA. Antisense PNA was hybridized with one of the carrier CPP-PNAs [cPNA1(7)-(D-Arg), (PNA2958)
or Deca-cPNA1(6)-(D-Arg), (PNA2957)] at 1:1 molar ratio and transfected to the cells at the indicated concentrations in the absence or the presence of
100 puM chloroquine (CQ). After 24 h transfection, cells were subjected to further analysis. (A) Luciferase activity was measured and normalized by the
protein concentration (presented as RLU/mg protein). Each data set represents the mean + SD of three independent experiments. (B) RT-PCR analysis
of the mis-splicing correction of luciferase pre-mRNAs by antisense PNA. The numbers under the figure indicate the relative fraction (%) of the cor-
rected form. U, PCR product without correction (268 bp); C, PCR product with mis-splicing correction (142 bp).
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Table 1. List of PNAs

PNAs? No. Name Sequence®
Antisense PNA 2389 Naked asPNA H-CCT CTT ACC TCA GTT ACA-NH,
2787 (D-Arg),-asPNA H-(D-Arg),-Gly- CCT CTT ACC TCA GTT ACA-NH,
2802 (D-Arg),-Deca-asPNA H- (D-Arg),-Lys(Deca)-Gly-CCT CTT ACC TCA GTTC ACA-NH,
2919 Fl-(Arg),-asPNA H-(Arg),-FIk-CCT CTT ACC TCA GTT ACA-NH,
Carrier PNA1 2922 Naked-cPNA1(9) H- TGT AAC TGA-Gly-NH,
2923 (D-Arg),-cPNAT1(9) H-(D-Arg),- TGT AAC TGA-Gly-NH,
2924 (D-Arg),-Deca-cPNAI1(9) H-(D-Arg),- Lys(Deca)- TGT AAC TGA-Gly-NH,
2925 Deca-cPNA1(9) Deca-TGT AAC TGA-Gly-NH,
2962 CPNAT1(9)-(D-Arg), H- TGT AAC TGA- (D-Arg), Gly-NH,
2960 cPNA1(8)-(D-Arg), H- GT AAC TGA- (D-Arg), Gly-NH,
2958 cPNA1(7)-(D-Arg), H- T AAC TGA- (D-Arg), Gly-NH,
2956 cPNAI1(6)-(D-Arg), H- AAC TGA- (D-Arg),- Gly-NH,
2963 Deca-cPNAT1(9)-(D-Arg), Deca- TGT AAC TGA- (D-Arg), Gly-NH,
2961 Deca-cPNA1 (8)—(D—Arg)8 Deca- GT AAC TGA- (D—Arg)8 GIy—NH2
2959 Deca-cPNAI1(7)-(D-Arg), Deca- T AAC TGA- (D-Arg), Gly-NH,
2957 Deca-cPNAI1(6)-(D-Arg), Deca- AAC TGA- (D-Arg),- Gly-NH,
Carrier PNA2 2926 Naked-cPNA2(9) H-GGT AAG AGG-Gly-NH,
2927 Deca-cPNA2(9) Deca-GGT AAG AGG-Gly-NH,
2955 Deca-cPNA2(8) Deca- GT AAG AGG- Gly-NH,
2953 Deca-cPNA(6) Deca- AAG AGG- Gly-N H2
Carrier PNA3 3229 (His),-cPNA3(8) Ac-(His), - TGA GGT AA -Lys-NH,
3230 (His) ,-cPNA3(8) Ac-(His) - TGA GGT AA -Lys-NH,
3247 (Cholate),-cPNA3(10) Cholate- ACT ... GAGGT .. AA-Lys-NH,
3202 (Lys),-cPNA3(10) H- ACTLyS GAG GTLYSA A -Lys-NH,
Carrier PNA4 3164 (D-Arg),-cPNA4 H-(D-Arg),- AGA CGC CA -Lys-NH,
3165 Deca—(D—Arg)g—cPNA4 Deca—(D—Arg)a— AGA CGCCA —Lys—NH2

?PNA types: Antisense PNA, PNAs targeting splicing correction of mutated luciferase gene in the HelLa pLuc705 cells; Carrier PNAT, PNAs complemen-
tary to C-terminus end of the antisense PNA; Carrier PNA2, PNAs complementary to the N-terminus end of the antisense PNA; Carrier PNA3, PNAs
complementary to the middle of the antisense PNA; Carrier PNA4, PNAs complementary to the antisense strand of siRNA targeting normal luciferase
mMRNA. "The sequences of the PNAs are written from N-terminal to C-terminal end. Amino acids, decanoic acid (Deca) or cholic acid (cholate) moiety

was covalently linked to PNA at the C-terminal end, N-terminal end, e-amine group of the lysine side chain, or The within the PNA backbone where
T, _is lysine derived backbone unit instead of normal aminoethylglycyl backbone unit. Flk, fluorescein (Fl) attached to theg-amino group of a lysine

lys

residue (Lohse, J. et al. Bioconjugate Chem 1997; 8: 503-509).

PNA [(Cholate) ,-cPNA3(10), Fig. 5]. The activity of the anti-
sense CPP-PNA [(D-Arg),-asPNA] together with (Cholate),-
cPNA3(10) carrier at 2 pM was slightly higher (ca. 2-fold) than
the antisense CPP-PNA itself while only a negligible increase
was seen with a control carrier PNA construct without cholic
acid moieties [(Lys),-cPNA3(10)]. Thus the cholic acid modi-
fied carrier PNA did indeed enhance the antisense PNA activity,
but to a significantly lesser degree than the carrier CPP-PNAs
(up to 6-fold). The mechanism of the enhancement (improved
membrane passage?) is not clear at this point.

In order to study the effect of carrier CPP-PNA on the
cellular localization of the antisense CPP-PNAs by fluores-
cence microscopy, we synthesized fluorescein-labeled octa-
arginine antisense PNA [Fl-(Arg),-asPNA (PNA2919)] and
used this for transfection of the cells in combination with
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carrier CPP-PNAs [cPNA1(7)-(D-Arg), or Deca-cPNA1(6)-
(D-Arg),]. Fluorescence microscopy indicated a slightly higher
intensity of fluorescence with more even distribution in both
cytoplasm and nucleus upon delivery with carrier PNAs or upon
CQ co-treatment as compared with treatment with the antisense
PNA alone (Fig. S3). The changes of the cellular localization of
the cargo FI-CPP-PNA by carrier CPP-PNAs were not as evi-
dent as suggested from the luciferase experiments. However, this
preliminary experiment together with the luciferase experiments
do suggest that carrier CPP-PNAs (like chloroquine) facilitate
endosome disruption.

To further explore the carrier CPP-PNA delivery method for
other (antisense) oligomers, we chose a single stranded short
RNA originating from the antisense strand of an siRNA tar-
geting normal luciferase mRNA. This single stranded antisense

Volume 2 Issue 3



35000
30000
25000
20000 |
15000

10000 1

Luciferaes (RLU/well)

5000 |

(D-Arg)z-asPNA

Figure 5. Effect of cholate carrier PNA. Relative antisense activity in
HeLa pLuc705 cells of octaarginine conjugated antisense PNA [(D-Arg) -
asPNA (PNA2787)] hybridized to carrier PNA. Two carrier PNAs with
backbone modification by Lys-derived backbone units [(Lys),-cPNA3
(PNA3202)] or Lys residues with cholic acid modification [(Cholate),-
cPNA3 (PNA3247)] were compared with two carrier CPP-PNAs [Deca-
cPNA1(6)-(D-Arg), (PNA2957) and cPNAI1(7)-(D-Arg), (PNA2958)].
Antisense PNA was hybridized to the carrier PNA at 1:1 molar ratio and
transfected to the cells at 2 pM. After 24 h transfection, cells were sub-
jected to the luciferase analysis. Each data set represents the mean + SD
of three independent experiments.

siRNA showed 70% downregulation of luciferase activity at 80
nM in p53R cells (expressing normal luciferase) when deliv-
ered by cationic lipid transfection (LFA2000) under conditions
where the complete double stranded siRNA showed up to 90%
downregulation (Fig. S4). Two carrier CPP-PNAs targeting
the PNA to the 3'-end 8 nt of the antisense siRNA strand and
modified with either octaarginine alone [(D-Arg) -cPNA4]
or with decanoyl-octaarginine [Deca-(D-Arg),-cPNA4] were
synthesized. The antisense siRNA strand was hybridized to
the carrier CPP-PNA at equimolar ratio and used for transfec-
tion in the absence or presence of CQ (Fig. 6). In the absence
of CQ, the antisense RNA - alone or combined with either of
the carrier CPP-PNA - did not show any significant luciferase
downregulation even at the highest concentration (60 nM),
while upon cationic lipid transfection very siginificant down-
regulation (90%) was seen. However, in combination with CQ
treatment the decanoyl-octaarginine carrier CPP-PNA [Deca-
(D-Arg) ,-cPNA4] very significant downregulation (59%) at 60
nM was obtained. This result emphasizes the general possibili-
ties of exploiting carrier CPP-PNA based delivery formulation
(via base-pair recognition) at low non-cytotoxic concentrations
as it does not require a (large) molar excess of the cationic car-
rier, but also strongly suggests that delivery in this case occurs
via endosomal pathways.

In conclusion we have found that sequence complementary
carrier CPP-PNAs can significantly (more than one order of

www.landesbioscience.com

magnitude in some cases) enhance the cellular antisense effects
of both unmodified PNA as well as of PNA-CPP conjugates.
The effect depends on the length and modification of the carrier
PNA, and is most pronounced at lower PNA concentrations, and
thus requires extensive optimization. Furthermore, the method
allows use of combinations of at least two different CPP ligands.
It is noteworthy that the effect is not significantly enhanced by
chloroquine, but reached activities comparable to those obtained
without the carrier but in the presence of chloroquine, thereby
suggesting that (at least part of) the effect of the carrier CPP-
PNA may be ascribed to endosome disruption, and thus may
substitute chloroquine enhancement. We are confident that these
findings can be extended to other uncharged antisense oligo-
mers such as phosphorodiamidate morpholino oligonucleotides
(PMOs). Finally, this strategy may also be exploited (with CQ
co-treatment) for negatively charged nucleic acids and their ana-
logs such as locked nucleic acid (LNA) and RNA based molecules
(short hairpin RNA, miRNA) without using molar excess of the
carrier CPP for complexation

Materials and Methods

Synthesis of PNAs and CPP-PNA conjugates. The sequences
of the PNAs are listed-in Table 1. PNA synthesis was per-
formed using boc-chemistry as reported elsewhere.® Peptides
or amino acids were linked to the PNA either at the C-terminal
or N-terminal via continuous solid phase synthesis. The fatty
acid was conjugated to the PNA N-terminus directly or to
the e-amino group of a lysine-moiety during synthesis using
orthogonal Fmoc protection of the amine. The PNA conjugates
were purified by HPLC and characterized by MALDI-TOF
mass spectrometry. The synthesized PNAs were lyophilized and
stored at 4°C until use.

Cell culture. HelLa pLuc705 cells and p53R cells (expressing
normal luciferase) were purchased from GENE TOOLS and
ATCC respectively. Cells were grown in RPMI1640 medium
(Sigma) supplemented with 10% fetal bovine serum (FBS,
Sigma), 1% glutamax (Gibco), 100 U/ml penicillin (Gibco)
and 100 pg/ml streptomycin (Gibeo) at 37°C in humidified air
with 5% CO,. For the studies in 96 well or 24 well plate format,
cells were trypsinized and seeded at 1.2 x 10% or 7.2 x 107 cells/
well, respectively, 16-24 h before transfection.

Antisense PNA transfection. Antisense PNA was hybridized
with complementary carrier PNA(s) at the molar ratio 1:1 and
this pre-formed duplex was used for transfection. Hybridization
was performed in a thermal cycler with the following tempera-
ture reduction profile: 95°C, 5 min; 85°C, 1 min; 75°C, 1min;
65°C, 5 min; 55°C, 1 min; 45°C, 1 min; 35°C, 5 min. For
the transfection, cells replated in the multiple well plates were
transfected with PNA (0.1 ml or 0.3 ml for 96 well and 24
well plate, respectively) by incubating in OPTI-MEM (Gibco)
containing the PNAs for 4 h, and incubated further for 20 h
after supplementing with the same volume of growth medium
containing 20% FBS and 1% glutamax. For endosome disrup-
tion treatment by chloroquine (CQ), 100 pM CQ was added to
the OPTI-MEM medium.
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Figure 6. Downregulation of luciferase in p53R cells by a single stranded antisense siRNA (asRNA) delivered by carrier CPP-PNAs. Two octaarginine
conjugated carrier CPP-PNAs [R8-cPNA, (PNA3164) and Deca-R8-cPNA (PNA3165)] with a complementary sequence to the asRNA and one PNA with
non-related (NR) sequence but with analogous modifications [Deca-R8-PNA(NR), PNA2961)] as a control, were tested. The asRNA was hybridized to
the carrier CPP-PNA at the molar ratio 1:1 and transfected to the p53R cells at the indicated concentrations in the absence or presence of 100 uM chlo-
roquine (CQ). After 48 h transfection, luciferase activity was measured and is shown as relative luciferase activity (%) after normalization by protein
concentration (non-siRNA treated sample set as 100%). Each data point represents the mean + SD of three independent experiments.

siRNA- transfection. Double strand siRNA (dsRNA)
was prepared by annealing sense strand RNA (ssRNA,
5-ACGCCAAAAACAUAAAGAAAG-3") and antisense strand
RNA (asRNA, 5-UUCUUUAUGUUUUUGGCGUCU-3') in
10 mM Tris-HCI (pH 7.5) with 20 mM NaCl. The mixture was
heated at 95°C for 10 min, then gradually cooled down to room
temperature, and incubated for 16-20 h at room temperature.
For the transfection by cationic lipid LipofectAMINE2000
(LFA2000, Invitrogen), RNAs (ssRNA, asRNA, dsRNA) were
complexed with LFA2000 and transfected to the cells accord-
ing to the manufacturer’s instruction. For transfection by carrier
CPP-PNA, single strands of siRNA (asRNA) was annealed with
CPP-PNA at the molar ratio 1:1 and delivered as described above.
RNA oligonucleotides were obtained from Eurofin (Germany).

Luciferase assay. Luciferase activity of the cells or cell lysates was
measured by using the Bright-Glo Luciferase assay system (Promega)
according to the manufacturer’s instructions. Luminescent readings
from 96 well plate formats (with background subtracted) are pre-
sented as relative light units (RLU/well), or (as indicated) after nor-
malization with protein concentration obtained with BCA protein
assay kit (Pierce) shown as RLU/mg protein.

Cytotoxicity test. Cells in 96-well plates were subjected to
the MTS-assay for cell viability testing by using the CellTiter 96
Aqueous Non-Radioactive Cell Proliferation Assay (Promega)
according to the manufacturer’s instructions. The absorbance
is presented as relative cellular viability (absorbance from non-
PNA treated cells was set as 100%).
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RT-PCR. Total RNA was extracted from the cells by using
RNeasy Mini kit (Qiagen) and subjected to RT-PCR analy-
sis following company instructions. Three ng of total RNA
was used for each RT-PCR in 20 pl reaction. RT-PCR was
performed by using OneStep RT-PCR kit (Qiagen) following
company instructions. Primers for the RT-PCR were as follows:
forward primer, 5“"TTGATATGTGGATTTCGAGTCGTC-3';
reverse primer, 5“TGTCAATCAGAGTGCTTTTGG-CG-3".
The RT-PCR program was as follows: [(55°C, 35 min) x 1 cycle,
(95°C, 15 min) x 1 cycle, (94°C, 0.5 min; 55°C, 0.5 min; 72°C,
0.5 min) x 29 cycles]. RT-PCR products were analyzed on 2%
agarose gel with 1x TBE buffer and visualized by ethidium
bromide staining. Gel images were captured by ImageMaster
(Pharmacia Biotech) and analyzed by UN-SCAN-IT software
(Silk Scientific Corporation).
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